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Overview
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• Motivation of intense hadron beam diagnostics
– From Liverpool to CERN

• Recent upgrades CERN beam instrumentation
– Fast wire scanners and CNT tests
– Linac4 laserwire
– PS Beam Gas Ionisation

• Diagnostics in development for HL-LHC:
– Profile monitors: Beam Gas Curtain, Beam Gas Vertex
– Halo: synchrotron light monitor
– Bunch direction: Interaction Region BPMs
– Bunch shape & instability: Electro-Optics BPMs

• Linear Colliders & AWAKE
– Cherenkov diagnostics for AWAKE
– Electron beam diagnostics, cavity BPMs, fast feedback.
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Liverpool’s synchrocyclotron

• Fun fact: the space next to the crypt where our conference dinner was held last night, 
used to house a synchrocyclotron, which operated from 1954 to 1968.
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• https://physicsworld.com/a/the-legacy-of-liverpools-forgotten-synchrocyclotron/
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Beam extraction from Liverpool’s synchrocyclotron
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THE 156-in. CYCLOTRON AT LIVERPOOL 

By M. J. MOORE 
Nuclear Physics Research laboratory, University of Liverpool 

EARLY in 1948, it was shown that 1t-mesons could 
be produced in numbers by tbe bombardment 

of matter by or.-particles produced in the Berkeley 
synohrooyolotron, and shortly afterwards it was 
proved that high-energy protons in the same machine 
were even more effective. Tho threshold for 1t-pro-
duotion by protons is about 160 MeV.; but it soon 
became clear that energies considerably above this 
value were needed for the production of significant 
numbers of these m esons. 

After the War, Sir James Chadwick, who was then 
professor of physics at Liverpool, determined · to 
initiate the building of a high-energy machine in his 
department. By May 1948 the above considerations 
had crystallized his ideas in favour of a synchro-
cyclotron of energy about 400 MeV., involving a 
magnet with. poles of 13 ft. diameter. This diameter 
was determined by the length (32 f t. 6 in.) of the 
corresponding horizontal yoke pla tes which could 
be machined in one stage by the equipment availa ble 
in Britain. Subsequent developments in cyclotron 
physics have made us wish that the size could have 
been somewhat larger. 

Sir James Chadwick obtained funds from the 
Department of Scientific and Industrial Research for 
the synchrocyclotron, and the University received 
funds for the associated buildings through the 
University Grants Committee. The design and com-
missioning of the machine was the responsibility of 
the University, and the development contract for 
constructing the m achine was let to the Metropolitan -

MAGNET YOKE I 

"" 

Vickers Electrical Co., Ltd., in July 1948, and at tho 
same time the building work was started by Bovis, 
Ltd. In the autumn of 1949, Prof. H. W. B. Skinner 
succeeded Sir James Chadwick, when the latter 
retired. 

The p eriod of building the machine was in many 
ways a difficult one on account of shortages of 
materials and trained man-power. However, tho 
machine progressed steadily, if sometimes dis-
appointingly slowly, until, in the middle of May 
I 954, an internal beam was first observed. By the 
beginning of July, the cyclotron was working 
regularly with an internal beam of the expected 
energy and current. 

Experiments were then started on the extraction of 
the beam by a method described by Tuck and Teng1 

and developed by Le Couteur•, and by the end of 
December a beam of high intensity h ad been ex-
tracted and focused into a suitable spot for experi-
mental work. The experimental programme, con-
cerned with the properties of fast protons, neutrons 
and pions, was begun on a regular basis on about 
January l, 1955. 

The Cyclotron Building 
The main feature of the 156-in. cyclotron block is 

the cyclotron room with two working floors, one at 
about street-level and the other 8 ft. below. Adjoining 
the cyclotron room is a large ante-room for experi-
mental work. 

Above these are the cyclotron auxiliary equipment 
room, a motor hoist for raising 

MESON CHANNELS 
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c::::::==J and lowering a 30-ton screening 
door, a ventilation plant room and 
the air-blast water-cooling towers. 
A bridge, which carries in addition 
to the normal services all cables 
for the control of the cyclotron, 
joins this building to the labora-
tory block in which the control 
and pa rticle-counting rooms are 
housed. As a large portion of the 
156-in. synchrocyclotron room is 
below ground-level, it was necess-
ary to excavate to a maximum 
depth of 30 ft. into sandstone. The 
whole of the basem ent was water-
proofed with asphalt and the con-
crete oversite built to a thickness 
of 2 ft. From this the walls were 
constructed, the majority being 
6-ft . thick mass concrete, although 
the wall dividing the cyclotron 
room from the ante-room is 12 ft. 

BEAM BENDING MAGNET 
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Fig. 1. Plan of cyclotron showing disposition of some of the associated apparatus 

thick. The 46-ft. wide roof over 
the cyclotron is of heavily rein-
forced concrete 5½ ft. thick. 

As a further protection from 
radia tion, the 6-ft. external walls 
on two sides have an additional 
thickness of pulverized sandstone, 
which was excavated from the 

• “You can keep sending the stuff round and round. But unless 
you can get it out, hitting something, it’s no use,” P. Rowlands

Machine pioneered in 1946 by Sir James Chadwick & Joseph Rotblat: 
Moore, M. The 156-in. Cyclotron at Liverpool
Nature 175, 1012–1015 (1955). 
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• A major achievement was to extract 10-20% of the 383 MeV proton beam; 3% reaching the experiment room.
• The beam was imaged by exposing to printing paper for 1 min: Liverpool’s first beam profile measurements!
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THE REVIEW OF SCIENTIFIC INSTRUMENTS 

Letters to the Editor 
Prompt publication oj brieJ reports oj NEW ideas in measurement 

and instrumentation or comments on papers appearing in this 
Journal may be secured by addressing them to this department. No 
proof will be sent to the authors. Communications should not exceed 
500 words in length. The Board oj Editors does not hold itself 
responsibleJor the opinions expressed by the correspondents. 

Extracted Proton Beam of the Liverpool 
156-Inch Cyclotron 

A. V. CREWE AND K. J. LE COUTEUR 
Un.iversity of Liverpool, Liverpool, Englan.d 

(Received January 11, 1955) 

T HE proton beam of the Liverpool 156-in. synchro-cyclotron 
has been extracted using a regenerative system of the type 

originally described by Tuck and Teng.' This consists of two 
magnetic discontinuities ("peeler" and "regenerator") situated 
at the extraction radius of the machine and a magnetic channel 
placed between them for guiding out the beam. The magnetic 
discontinuities produce a radial oscillation which grows expo-
nentially in amplitude so that the particles can jump into the 
channel mouth. 

The system was tried briefly in Chicago in 1951 without success. 
At about that time, Professor H. W. B. Skinner asked one of us to 
undertake calculations on the system, and as a result two papers 
were published.2 These laid down strict conditions for success, 
and, on this basis, the Liverpool system was designed. 

The starting radius Yo for extraction was chosen as 69 in. (380 
Mev and n=0.05), the peeler strength defined as 

Ho dr 

is 0.3, and the regenerator strength as 0.6. The peeler and re-
generator are at an angular distance of 60° apart. 

The expected radial oscillation amplitude, measured from ro, 
increases by the ratio 1.5 per turn so that when the amplitude of 
the oscillation reaches 2 in., the next orbit has an amplitude of 
3 in. The system also causes the mean amplitude of the vertical 

FIG. 1. Cross section of the beam (top) at the exit of the magnetic channel 
and (lower) in the experimental room about 15 ft away. 
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oscillation at the channel mouth to increase by a factor of 1. 7, 
making the beam about 2 in. high. The orbit separation of 1 in. 
allows an effective magnetic channel to be inserted. The mouth 
of the magnetic channel is ! in. wide and 1 in. high with walls 
i in. thick of cobalt steel. The magnetic effects of peeler, regen-
erator, and channel were carefully compensated in the median 
plane. After optimizing the position of peeler and regenerator, the 
main cyclotron field, and median plane, 20% of the circulating 
beam was found to be entering the channel. This was measured 
by comparing the activity of carbon blocks placed in the mouth of 
the channel with that on a carbon flip target. The number of 
traversals of the beam in the flip target was calculated3 to be 12, 
and this is the only uncertainty in the value of the efficiency. 

The beam travels down the magnetic channel, which is con-
structed in seven sections with a total length of about 6 ft. The 
amount of beam which emerges from the tank window amounts 
to 3% of the circulating beam, over an area about 1! in. square. 
The optimum value of the main magnet current for the maximum 
beam entering the channel is 1464 amp but the optimum value for 
the maximum beam leaving the channel is 1416 amp. With this 
current, only 10% of the circulating beam enters the channel 
mouth instead of 20% as previously mentioned. It would, there-
fore, seem that there is a further factor of 2 to be picked up in our 
extracted intensity, but we made some efforts to obtain this 
without success, and it appears that certain adjustments must 
be extremely critical. 

The external beam travels 15 it through a channel in the 
screening wall, and appears in the experimental room spread 
over an area of about 10 sq in. Figure 1 shows two pictures of the 
beam taken by exposing printing paper to the beam for 1 min, The 
upper photograph is taken at the end of the magnetic channel 
(1!X2!in. in area), and the lower one is a composite picture of 
the beam in the experimental room 15 ft from the end of the 
channel. 

The energy of the beam has been measured by absorption tech-
niques and was found to be 383 Mev, with no observable energy 
spread. This is 27 Mev less than the maximum energy attainable 
with the machine, normally 410 Mev at the n=0.2 point. 

With a circulating current in the machine of 1 pa, the total 
current of high-energy protons in the experimental room would be 
3XlO-2 pa. 

The beam entering the experimental area can be focused with a 
magnet, and, with the equipment available, two-thirds of it has 
been compressed onto an area of about! sq in., giving a flux of 
4X 1()1° protons/cm2/sec. 

These figures may be compared with a total emergent beam 
current of 2XlO-4pa,' and an available flux of 2XI06/cm2/sec 
obtained at Harwell" by the "scattering" method of extraction 
and a flux of 2X107/cm2/sec obtained at Chicago· from the 
natural "spill-out" through the n= 1 blowup radius. 

1 J. L. Tuck and L. C. Teng, 170-in. Synchro-Cyclotron Progr. Rept. III, 
University of Chicago. 

'K. J. Le Couteur, Proe. Phys. Soc. (London) BM, 1073 (1951); B66, 25 
(1953). 

3 J. M. Cassels et aI., Proc. Phys. Soc. (London) B64, 590 (1951); BM, 7, 
9 (1951). 

• J. B. Adams et aI., Harwell Rept. G/R 681 (1951). 
Ii B. Rose (private communication). 
6 H. L. Anderson (private communication). 

New Photoemissive Cathodes of High Sensitivity 
A. H, SOMMER 

RCA Laboratories, Princeton, New Jersey 
(Received May 2,1955) 

T HE three known types of photocathode with high response 
to visible light are represented by the formulas Ag-O- M, 

Sb-M, and Bi-O-Ag-M where M stands for an alkali metal. 
In all three cases quantum efficiency and threshold wavelength 
increase with increasing atomic number of the metal M, i.e., in 
the series Li-Na-K-Rb-Cs. 
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oscillation at the channel mouth to increase by a factor of 1. 7, 
making the beam about 2 in. high. The orbit separation of 1 in. 
allows an effective magnetic channel to be inserted. The mouth 
of the magnetic channel is ! in. wide and 1 in. high with walls 
i in. thick of cobalt steel. The magnetic effects of peeler, regen-
erator, and channel were carefully compensated in the median 
plane. After optimizing the position of peeler and regenerator, the 
main cyclotron field, and median plane, 20% of the circulating 
beam was found to be entering the channel. This was measured 
by comparing the activity of carbon blocks placed in the mouth of 
the channel with that on a carbon flip target. The number of 
traversals of the beam in the flip target was calculated3 to be 12, 
and this is the only uncertainty in the value of the efficiency. 

The beam travels down the magnetic channel, which is con-
structed in seven sections with a total length of about 6 ft. The 
amount of beam which emerges from the tank window amounts 
to 3% of the circulating beam, over an area about 1! in. square. 
The optimum value of the main magnet current for the maximum 
beam entering the channel is 1464 amp but the optimum value for 
the maximum beam leaving the channel is 1416 amp. With this 
current, only 10% of the circulating beam enters the channel 
mouth instead of 20% as previously mentioned. It would, there-
fore, seem that there is a further factor of 2 to be picked up in our 
extracted intensity, but we made some efforts to obtain this 
without success, and it appears that certain adjustments must 
be extremely critical. 

The external beam travels 15 it through a channel in the 
screening wall, and appears in the experimental room spread 
over an area of about 10 sq in. Figure 1 shows two pictures of the 
beam taken by exposing printing paper to the beam for 1 min, The 
upper photograph is taken at the end of the magnetic channel 
(1!X2!in. in area), and the lower one is a composite picture of 
the beam in the experimental room 15 ft from the end of the 
channel. 

The energy of the beam has been measured by absorption tech-
niques and was found to be 383 Mev, with no observable energy 
spread. This is 27 Mev less than the maximum energy attainable 
with the machine, normally 410 Mev at the n=0.2 point. 

With a circulating current in the machine of 1 pa, the total 
current of high-energy protons in the experimental room would be 
3XlO-2 pa. 

The beam entering the experimental area can be focused with a 
magnet, and, with the equipment available, two-thirds of it has 
been compressed onto an area of about! sq in., giving a flux of 
4X 1()1° protons/cm2/sec. 

These figures may be compared with a total emergent beam 
current of 2XlO-4pa,' and an available flux of 2XI06/cm2/sec 
obtained at Harwell" by the "scattering" method of extraction 
and a flux of 2X107/cm2/sec obtained at Chicago· from the 
natural "spill-out" through the n= 1 blowup radius. 

1 J. L. Tuck and L. C. Teng, 170-in. Synchro-Cyclotron Progr. Rept. III, 
University of Chicago. 

'K. J. Le Couteur, Proe. Phys. Soc. (London) BM, 1073 (1951); B66, 25 
(1953). 

3 J. M. Cassels et aI., Proc. Phys. Soc. (London) B64, 590 (1951); BM, 7, 
9 (1951). 

• J. B. Adams et aI., Harwell Rept. G/R 681 (1951). 
Ii B. Rose (private communication). 
6 H. L. Anderson (private communication). 

New Photoemissive Cathodes of High Sensitivity 
A. H, SOMMER 

RCA Laboratories, Princeton, New Jersey 
(Received May 2,1955) 

T HE three known types of photocathode with high response 
to visible light are represented by the formulas Ag-O- M, 

Sb-M, and Bi-O-Ag-M where M stands for an alkali metal. 
In all three cases quantum efficiency and threshold wavelength 
increase with increasing atomic number of the metal M, i.e., in 
the series Li-Na-K-Rb-Cs. 

725 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded
to IP:  150.135.239.97 On: Fri, 19 Dec 2014 05:05:24

THE REVIEW OF SCIENTIFIC INSTRUMENTS 

Letters to the Editor 
Prompt publication oj brieJ reports oj NEW ideas in measurement 

and instrumentation or comments on papers appearing in this 
Journal may be secured by addressing them to this department. No 
proof will be sent to the authors. Communications should not exceed 
500 words in length. The Board oj Editors does not hold itself 
responsibleJor the opinions expressed by the correspondents. 

Extracted Proton Beam of the Liverpool 
156-Inch Cyclotron 

A. V. CREWE AND K. J. LE COUTEUR 
Un.iversity of Liverpool, Liverpool, Englan.d 

(Received January 11, 1955) 

T HE proton beam of the Liverpool 156-in. synchro-cyclotron 
has been extracted using a regenerative system of the type 

originally described by Tuck and Teng.' This consists of two 
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oscillation at the channel mouth to increase by a factor of 1. 7, 
making the beam about 2 in. high. The orbit separation of 1 in. 
allows an effective magnetic channel to be inserted. The mouth 
of the magnetic channel is ! in. wide and 1 in. high with walls 
i in. thick of cobalt steel. The magnetic effects of peeler, regen-
erator, and channel were carefully compensated in the median 
plane. After optimizing the position of peeler and regenerator, the 
main cyclotron field, and median plane, 20% of the circulating 
beam was found to be entering the channel. This was measured 
by comparing the activity of carbon blocks placed in the mouth of 
the channel with that on a carbon flip target. The number of 
traversals of the beam in the flip target was calculated3 to be 12, 
and this is the only uncertainty in the value of the efficiency. 

The beam travels down the magnetic channel, which is con-
structed in seven sections with a total length of about 6 ft. The 
amount of beam which emerges from the tank window amounts 
to 3% of the circulating beam, over an area about 1! in. square. 
The optimum value of the main magnet current for the maximum 
beam entering the channel is 1464 amp but the optimum value for 
the maximum beam leaving the channel is 1416 amp. With this 
current, only 10% of the circulating beam enters the channel 
mouth instead of 20% as previously mentioned. It would, there-
fore, seem that there is a further factor of 2 to be picked up in our 
extracted intensity, but we made some efforts to obtain this 
without success, and it appears that certain adjustments must 
be extremely critical. 

The external beam travels 15 it through a channel in the 
screening wall, and appears in the experimental room spread 
over an area of about 10 sq in. Figure 1 shows two pictures of the 
beam taken by exposing printing paper to the beam for 1 min, The 
upper photograph is taken at the end of the magnetic channel 
(1!X2!in. in area), and the lower one is a composite picture of 
the beam in the experimental room 15 ft from the end of the 
channel. 

The energy of the beam has been measured by absorption tech-
niques and was found to be 383 Mev, with no observable energy 
spread. This is 27 Mev less than the maximum energy attainable 
with the machine, normally 410 Mev at the n=0.2 point. 

With a circulating current in the machine of 1 pa, the total 
current of high-energy protons in the experimental room would be 
3XlO-2 pa. 

The beam entering the experimental area can be focused with a 
magnet, and, with the equipment available, two-thirds of it has 
been compressed onto an area of about! sq in., giving a flux of 
4X 1()1° protons/cm2/sec. 

These figures may be compared with a total emergent beam 
current of 2XlO-4pa,' and an available flux of 2XI06/cm2/sec 
obtained at Harwell" by the "scattering" method of extraction 
and a flux of 2X107/cm2/sec obtained at Chicago· from the 
natural "spill-out" through the n= 1 blowup radius. 

1 J. L. Tuck and L. C. Teng, 170-in. Synchro-Cyclotron Progr. Rept. III, 
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'K. J. Le Couteur, Proe. Phys. Soc. (London) BM, 1073 (1951); B66, 25 
(1953). 

3 J. M. Cassels et aI., Proc. Phys. Soc. (London) B64, 590 (1951); BM, 7, 
9 (1951). 
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 taken azimuthally across the peeler field. Similarly, the regenerator changes the

 motion of a particle passing through it by

 d dH (da) (da)

 with T = dO (5)

 taken across the regenerator.

 p~~~~~~~

 71 lT_69irJ. Z

 CAB cab
 entry to magnetic channel

 FIGURE 2. General layout of the extraction system showing the final particle
 orbits and conditions at the entry to the magnetic channel.

 A particle moving in an orbit, like that shown in figure 2, with a maximum outward

 displacement somewhere in the short gap between the peeler and the regenerator

 must traverse the peeler when moving outward and the regenerator when moving

 inward, so both the outward impulse Sp and the inward impulse - Tp increase the
 radial speed of the particle and therefore the amplitude reached by its radial oscilla-

 tions. These impulses recur once per orbital revolution, so their frequency almost

 matches that of the free radial oscillations and radial instability results. Each

 particle builds up a radial motion of the form (Le Couteur I95I, equation (13))

 p = k emAsin (3f + QO) (6)

This content downloaded from 109.154.184.132 on Thu, 21 Jul 2022 20:10:38 UTC
All use subject to https://about.jstor.org/terms

Le Couteur, K. J., The Extraction of the Beam from the Liverpool Synchrocyclotron.
Proc. of the Royal Society of London 232, 1189 (1955): 236–41.
http://www.jstor.org/stable/99763

Flux: 1010 protons/cm2/sec

Historic diagnostics at Liverpool’s synchrocyclotron
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Beam instrumentation at the Large Hadron Collider
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• 1182 beam position monitors

• >4000 beam loss monitors

• Screens at injection and extraction

• Wire scanners, synchrotron radiation 

monitors

• Monitors for current, tune and chromaticity

• Bunch instability monitors

• Luminosity monitors

injection beam 1 injection beam 2

Collimation Collimation

Acceleration
& Instrumentation Extraction beam 1

Extraction beam 2

T. Lefevre
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• Diagnostics crucial for rapidly steering beam 1 from point 2 to point 3 & 5 & 6 & 7 & 8! 
1182 beam position monitors

First beam circulation at LHC
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Historic diagnostics: first beam at LHC
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• Interceptive scintillation-screen diagnostics are still widely used today, e.g. at LHC injection & first circulation:

Chromox screen and camera 
installed just after injection

Observe first turns of LHC:
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Current LHC diagnostics: beam dilution observation system

Al2O3:CrO2
3mm thick
4 quadrants

10Mrad
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• Interceptive scintillation-screen diagnostics are still widely used today, e.g. at LHC extraction to beam dump:

LHC beam footprint

Beam sizes
• 6mm@450GeV
• 1.2mm@7TeV

T. Lefevre et al, ‘A large scintillating screen for LHC dump line’, DIPAC 2007  

• ~360MJ of beam energy must be absorbed without damage;

• The beam density is reduced from ~1015 p+/mm2 to ~1011 p+/mm2

by a 900m beam line of fast magnets.

• Measure the dilution of the beam 30m before the final absorber
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New CERN SPS beam dump imaging system
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• Interceptive scintillation-screen diagnostics are still widely used today, e.g. SPS beam dump imaging
Screen underneath 

circulating beam

SDBS BTV51858 

BE-BI
Beam Instrumentation

Chromox screen 
imaged via 17m 

optical line

Al2O3:CrO2
1mm thick

• Chromox light yield decays slowly (> few

100ms), so acquisition system records

several images after each dump event.

• Online SW selects non-saturated images,

with the saturation level depending on

beam intensity, size and dilution strength

S. Burger et al, ‘New CERN SPS Beam Dump Imaging System’, IBIC 2021  
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New fast wire scanners in the PSB, PS and SPS

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

• 17 scanners installed in 2020 (+ 5 units built for ESS)
• 20 m/s rotation speed, with wire position recorded by an optical encoder
• Downstream scintillators/PMTs record secondary particles
• 500MS/s digitisation to enable bunch by bunch measurement

Optical encoder disk

40µm

6µm

SPS bunch by bunch measurements:
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Limitations and R&D on wire scanners

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

• Wires age from sublimation damage,  used at modest beam currents / 
number of bunches and for calibration of non-invasive diagnostics.

1 Sapinski, M., J. Koopman, E. Métral, A. Guerrero, et B. Dehning. « Carbon Fiber Damage in Accelerator Beam ». 
CERN Document Server, 1 mai 2009. https://cds.cern.ch/record/1183415.

Graphene wires: ‘Carbon Nano-
Tubes’ (CNT) Test of CNT wire in

HiRadMat CERN in 2021

Fil

CNT

100 µm 

~ 0,5 µm 

~ 20 nm

R&D on the material choice for the wire

https://cds.cern.ch/record/1183415
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Non-interceptive diagnostics: laserwires

13Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

Replace the wire with a laser beam:
• Electron beam laserwires:

– detect Compton-scattered photons

• Hydrogen ion beam laserwires:
– detect product(s) of photo-detachment

H- + g -> e- + H0

A laserwire beam diagnostic operates by shining a narrow 
laser beam transversely through a particle beam.
Particles interact with the light, via Compton scattering for 
electron laserwires or by photodetachment (H− + γ → H0 + 
e−) for hydrogen ion laserwires. 

• Laserwire advantages:
– Non-interceptive, so no mechanical damage to wire
– Continuous measurement during beam operation
– Minimally invasive: only a tiny fraction of the particle 

beam is neutralised / scatters.
– Emittance reconstructed using segmented detector
– A pulsed laser enables access to longitudinal as well 

as transverse beam information
– Micron scale beams measurable (see next slide)
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• Light focused into interaction chamber through vacuum window required careful optics 
design to deliver beam with minimal aberrations:

e- laserwire at ATF2:

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

dispersion corrections applied using four upstream skew
quadrupoles in combination.
The CBPM system provides high resolution position

measurement at 45 locations through the extraction line,
matching section, and final focus section of the ATF2. The
majority of the CBPMs are mounted to the pole faces of the
quadrupoles in the matching and final focus sections, with
the remainder at other points in the extraction line. There
are CBPMs in the quadrupoles before and after the LWIP;
however, the CBPM afterwards is on the far side of the
quadrupole, and so the trajectory cannot be treated as
ballistic between the two. A high resolution CBPM,

MFB2FF, is attached to the laserwire vacuum chamber
and moves with it during laserwire scans. MFB2FF has a
typical resolution of 70 nm at the bunch charge used during
laserwire operations over a limited range of< 100 nm [15].
The scanning range of the laserwire exceeds this range and
the mechanical offset and tilt of MFB2FF in relation to the
laserwire vacuum chamber introduced x-y coupling and
degraded the resolution. Therefore, the electron beam
position from MFB2FF was not suitable for spatial jitter
subtraction during laserwire operation.

FIG. 2. Photograph of the laserwire installation in the ATF2
beam line. The electron beam travels from right to left and the
laser beam enters behind the vacuum chamber and exits towards
the reader. The manipulator for the OTR and alignment screen
can be seen on top of the vacuum chamber. The avalanche
photodiode (APD) used for timing and the laser pulse energy
meter can be seen in the foreground. The high resolution CBPM
MFB2FF is also shown attached to the laserwire vacuum
chamber. The small optical breadboard (OTR switch) allows
one to switch between the high power laser path for laserwire and
the low intensity OTR path.

TABLE I. ATF2 parameters.

Parameter Symbol Value Units

Beam energy E 1.30 GeV
Horizontal emittance γϵx 4 × 10−6 m rad
Vertical emittance γϵy 4 × 10−8 m rad
Bunch repetition rate fbunch 3.12 Hz
Bunch length σez ∼30 ps
Electrons per bunch Ne 0.5–10 × 109 e−

Fractional momentum spread Δp=p 0.001

FIG. 3. Electron beam amplitude functions for the end of the
extraction line, matching section and beginning of the final focus
section. These are shown for normal ATF2 operation (top) and for
laserwire operation (bottom). The laserwire and laserwire de-
tector locations are shown by (red) dot-dashed and (blue) dotted
vertical lines, respectively.

FIG. 4. Electron beam amplitude functions about the laserwire
interaction point for normal ATF2 operation (top) where the
vertical waist is located at the MFB2FF cavity BPM, and for
laserwire operation (bottom), where the waist is moved to the
laserwire location.

LASERWIRE AT THE ACCELERATOR TEST FACILITY 2 … Phys. Rev. ST Accel. Beams 17, 072802 (2014)

072802-3

on the chamber position measurement. The coordinate axes
of the interaction point are shown in Fig. 6.
A screen for both OTR and alignment is mounted on a

vacuum manipulator arm that enters the vacuum chamber
through the top access port. Manual micrometers allow the
manipulator arm and therefore the screen to be moved in
the x and z axes, while motorized actuators control the
angle of the screen θOTR and its vertical position in the
y axis.
After the interaction point (post-LWIP), the laser beam

exits the vacuum chamber through the vacuum window and
is directed by two mirrors onto a laser energy meter. A
plano-convex lens is used to bring the laser beam inside the
active area of the energy meter. The post-LWIP optics are
required to deal with the safe disposal of gigawatt peak
power laser pulses, but also to image OTR, which is ∼1010
lower in intensity. To accomodate this, two separate
switchable optical paths are used. Mirrors for each optical
path are fixed on to a small optical breadboard that is
mounted on top of a translation stage. Figure 7 shows the
layout schematically.
An avalanche photodiode is used to simultaneously

detect the laser light when strongly attenuated and a
combination of OTR, optical diffraction radiation, and
reflected synchrotron radiation [17] from the electron
beam, allowing synchronization of both. The first post-
LWIP high reflectivity dielectic-coated mirror is used to
attenuate the laser pulses without affecting the broad-
band OTR.

E. Detector

The laserwire detector is placed after the BH5X dipole
magnet in the ATF2 lattice, which is the first bend after the
LWIP and constitutes a bend of 2.927°. The box-shaped
vacuum pipe in the dipole has an aluminum window 26 mm

in diameter and 200 μm in thickness at the end that allows
the Compton-scattered photons from the laserwire to be
detected.
The detector consists of a 4 × 4 × 0.6 cm3 (x × y × z)

lead sheet that acts as a converter of photons to electron-
positron pairs, followed by a 4 × 4 × 5 cm3 block of SP15
Aerogel. The Aerogel acts as a Cherenkov radiator for the
electron-positron pairs and the Cherenkov light is guided in
a light tight pipe, internally coated with aluminumized
mylar, to a shielded photomultiplier tube out of the
accelerator plane. The detector linearity was verified in
[10]. Synchrotron radiation background was expected to be
negligible as the synchrotron photon energy at the peak of
its spectrum is ∼0.3 keV, which is insufficient to generate
electron-positron pairs in the lead converter plate.

F. Data acquisition system

The data acquisition system is based around
Experimental Physics and Industrial Control System
(EPICS) database software [18]. This provides an easily
extendable common interface level for all devices that are
part of the experimental system as well as a graphical user
interface using the Extensible Display Manager (EDM) and
Python software for control, data storage, and data analysis.
Individual devices are controlled through LabView or C
software directly, which monitor command variables in the
EPICS database and publish data and measurements to
other variables. A suite of Python programs provides high
level control of the laser system and laserwire experiment.

FIG. 6. Schematic of the beam geometry at the laserwire
interaction point, including the OTR screen at 45° to the electron
beam direction, incoming electron bunch, outgoing electron
bunch, OTR path, laser beam path, and Compton-scattered
photons (γ).

FIG. 7. Schematic of the laserwire (LW) interaction point in
plain view showing the lens and vacuum windows attached to the
vacuum chamber, the laser beam path (green), and post-LWIP
optical switch for the OTR. The laser beam enters at the top of the
diagram and is absorbed in the energy meter. The APD is used for
timing purposes.

L. J. NEVAY et al. Phys. Rev. ST Accel. Beams 17, 072802 (2014)

072802-6

was used to fit a pair of horizontal and vertical scans
simultaneously to determine both σex and σey. The hori-
zontal scan is shown in Fig. 18 with both the Gaussian and
overlap integral models for comparison.
Importantly, the extracted horizontal size is considerably

different from that found using the Gaussian model, which
if incorrectly used to deconvolve the vertical laserwire
scans yields an inaccurate vertical electron beam size. It had
originally been envisioned that a single horizontal scan
could be used to deconvolve all the vertical laserwire scans
for a given measurement period (such as an 8-hour
experimental shift). Even with adjustments made to the
vertical beam size that would affect the horizontal size, the
deconvolution was expected to be relatively insensitive to
the horizontal size. However, even with changes in hori-
zontal size of a few percent, this proved to be untenable and

so horizontal and vertical scans were made each time for a
complete measurement.

4. Smallest vertical scan

The electron beam optics were manipulated to minimize
the electron beam size at the LWIP as measured by the
laserwire. The laserwire scans shown in Fig. 19 and Fig. 20
are the vertical and horizontal laserwire scans, respectively,
that were analyzed together and constitute the smallest
vertical electron beam profile measured. These were
recorded with an electron bunch population of 0.51!
0.05 × 1010 e−.
The measured vertical electron beam size was

1.07 þ0.06
−0.06ðstatÞ ! 0.05ðsysÞ μm and the horizontal beam

size was 119.0 þ2.4
−2.4ðstatÞ ! 0.01ðsysÞ μm. The analysis was

performed using Minuit minimization software using a
weighted least squares method that allowed for asymmet-
rical uncertainties using the Minos algorithm [21]. The
systematic uncertainties were found by calculating the
standard deviation of the fit parameters from randomly
sampling the laser parameters from the M2 model analysis
with their associated uncertainties. The calculated laserwire
signal from the fit as a function of vertical and horizontal
chamber positions is shown in Fig. 21. This shows that the
vertical scan reaches a lower signal level than the horizontal
scan at the edges of the scan, which can also be seen in
Figs. 19 and 20.

5. Quadrupole scan

The laserwire was used to profile the electron beam
throughout a quadrupole scan of the vertically focusing
quadrupole immediately before the LWIP, QM14FF. The
magnet current was varied from −80 A to −104 A in 3 A
steps. At each point, a short range, low sample number
vertical scan was performed to vertically center the laser

FIG. 18. Comparison of Gaussian and overlap integral models
for the horizontal laserwire scan.

FIG. 19. Nonlinear step size laserwire scan with the smallest
measured electron beam size.

FIG. 20. The corresponding horizontal laserwire scan for the
smallest vertical scan, which was required for the combined
analysis.

L. J. NEVAY et al. Phys. Rev. ST Accel. Beams 17, 072802 (2014)

072802-12
L. Nevay et al: Laserwire at the Accelerator Test Facility 2 with submicrometer resolution
Phys. Rev. Special Topics - Accel. Beams, 17, 072802 (2014)

A. Aryshev, S. Boogert L. Corner, D. Howell,
P. Karataev, K. Kruchinin, L. Nevay, N. 
Terunuma, J. Urakawa, R. Walczak

Successful measurement of the 
1.07 µm profile electron beam!
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COMMISSIONING OF THE OPERATIONAL LASER EMITTANCE

MONITORS FOR LINAC4 AT CERN

T. Hofmann∗, G.E. Boorman, A. Bosco, S.M. Gibson
John Adams Institute at Royal Holloway, University of London, Egham, TW20 0EX, United Kingdom

F. Roncarolo, CERN, Geneva, Switzerland

Abstract

A laser-based emittance monitor has been developed
to non-invasively measure the transverse emittance of the
LINAC4 H− beam at its top energy of 160MeV. After testing
several sub-systems of the instrument during linac commis-
sioning at intermediate energies, two instruments are now
permanently installed. These instruments use a pulsed laser
beam delivered to the accelerator tunnel by optical fibres
before final focusing onto the H− beam. The photons in the
laser pulse detach electrons from the H− ions, which can
then be deflected into an electron multiplier. In addition,
the resulting neutral H0 atoms can be separated from the
main beam by a dipole magnet before being recorded by
downstream diamond strip-detectors. By scanning the laser
in the horizontal and vertical plane the beam profiles are
obtained from the electron signals and the emittance can be
reconstructed by the H0 profiles at the diamond detectors.
This paper describes the final system layout that consists of
two independent instruments, each measuring profile and
emittance of the H− beam in the horizontal and vertical
plane and discusses the preliminary commissioning results.

INTRODUCTION

LINAC4 has accomplished multiple commissioning steps
and is now in its reliability run before being connected to
the PS-Booster in 2019/2020. During the machine commis-
sioning, a laser emittance monitor has been developed to
measure non-destructively the transverse beam profiles and
emittances. Different prototypes have been tested at beam
energies of 3 MeV [1], 12 MeV [2] and 50/80/107 MeV [3]
to verify the performance of the system and measure beam
profiles and emittances. A summary of the prototype de-
velopment and the associated results can be found in [4]
and [5].

In Fig. 1 the concept of the instrument is shown. A laser
beam is focused on the H− ion beam such that it exhibits a
near constant diameter at the interaction region with a size
of 0.14 mm compared to the 4.8 mm (4σ) size of the H− ion
beam. Electrons are detached from the H− ions, deflected by
a weak dipole field and subsequently detected with an elec-
tron multiplier. The created H0 beamlets drift unaffected
through a downstream main dipole and is recorded with a
diamond strip-detector. By scanning the laser beam across
the H− beam the transverse profile can be obtained from the
signal of the electron multiplier. The H0 beamlet profiles
measured with the diamond detector allow the beam diver-

∗ thomas.hofmann@cern.ch

gence to be determined and consequently, in combination
with the laser position, the H− emittance to be reconstructed,
in a similar way as with the classical slit-grid method.

H-

H0

Main Dipole 
Magnet

H- beam

Electron 
Multiplier

y

x

Laser BeamH- Beam

Laser 
Beam

Diamond 
Strip-Detector

Dipole

Figure 1: Concept for combined vertical profile and emit-
tance measurement. To sample the horizontal plane the laser
beam and diamond strip-detector must be turned by 90◦.

SYSTEM DESIGN

Figure 2 shows the 160 MeV region at LINAC4, where
two laser emittance monitors have been installed to mea-
sure the transverse emittances and thus ensure that the re-
quirements for PS-Booster injection are met. The first in-

Figure 2: Overview of the two installed instruments in the
160 MeV region of LINAC4.

strument is installed in the straight line towards the main
dump where emittance measurements without dispersion
perturbations are possible. The second instrument is located
between two dipole magnets, which therefore profits from a
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Dual laserwire installed at Linac4

15

• Non-interceptive emittance monitor
– 4 laserwires: in X and Y at two locations.
– Commissioned in 2018 at 160 MeV
– Multi-channel diamond strip-detector

Orthogonal diamond strip detectors

X & Y laser injection

T. Hofmann et al

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022
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Linac4 dual laserwire results

16

• Operational data of Laserwire Emittance 
Monitor, from H plane Nov 2021:

– Early commissioning data with all 4 diamond 
detectors: horizontal and vertical emittance 
reconstruction from both stations:

T. Hofmann et al , `Commissioning of the operational laser emittance 
monitors for Linac4 at CERN’, WEPAL074, IPAC 2018.

T. Hofmann, G.E. Boorman, A. Bosco, 
S.M. Gibson, A. Goldblatt, F. Roncarolo

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

Phase Space 
measurement and 
emittance calculation 
from H0 meas.

Transv. Profile from H0 
and electrons meas.

A. Goldblatt et al, 
IBIC2022
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Gas-based beam diagnostics

17Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

• Why not exploit the interaction of the particle beam with gas in the beam pipe?
• Non-destructive beam profile and position diagnostics have been developed based on three

types of particle-gas interaction:

Direct ionisation of residual gas

Fluorescence of injected supersonic gas-jet

Inelastic interactions with gas target

Beam Gas Ionization Profile Monitor

Beam Gas Curtain / gas-jet

Beam Gas Vertex monitor
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PS Beam Gas Ionization (PS-BGI) Profile Monitor

18
18

Beam pipe

Beam direction

s

y

x

DetectorAnode Anode

Cathode

E-drift
field

Main dipole

Main dipole

Main
B-field

Correction
dipole

Correction
dipole

Correction
B-field

Correction
dipole

Correction
dipole

Correction
B-field

e-

ion+

Horizontal ionization profile monitor for electron detection

70 mm

Specifics for the PS-BGI:
• Imaging of 10 keV ionization electrons using hybrid pixel detectors
• 285 kV/m electric field, 0.2 Tesla magnetic field

Purpose:
• Measure the transverse beam profile to improve the quality of the beam 

used for the LHC

• Integrated non-destructive beam profile throughout the cycle @ 1 kHz

Operating environment:
• Ultra-high vacuum: outgassing ≤ 1·10-7 mbar·l·s-1

• Radiation: 10 kGy/year at beam pipe, 1 kGy/year at 40 cm

• Presence of beam with losses and electro-magnetic interference

Cathode (-20 kV)

Beam direction

Rectangular 
CF-flange

Detector

S. Levasseur, 
J. Storey et al

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022
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PS-BGI: turn-by-turn measurements of single bunch

19Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

Measurement during injection, acceleration 
and extraction of particles in the PS

Profile and position 
measured during a PS cycle

• BGI-Timepix3 allows, for the first time, continuous non-destructive turn-by-turn measurement 
of the transverse beam profile and position of single bunches.

– Slowed for viewing; 1.5s in real time
– Each images corresponds to a signal 

integrated over 10 ms
– Unfiltered data show background 

noise from beam loss.

S. Levasseur, 
J. Storey et al
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PS-BGI monitors now installed in both planes

20Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

Horizontal BGI @ PS SS82 Vertical BGI @ PS SS84 Operational Beam Gas Ionisation (BGI) 
beam profile monitors installed in the PS.

Based on the direct detection of rest-gas 
ionisation electrons with a Timepix3 hybrid 
pixel detector inside the beam pipe.

Culmination of 5 years of R&D. 

S. Levasseur, 
J. Storey et al
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PS-BGI: turn-by-turn measurements of single bunch

21Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

Single bunch recorded on the first week of 
beam commissioning.

Beam size & position measured continuous 
throughout the full 1.2s cycle.

Measure up to 1024 beam profiles per cycle.

100% non-destructive measurement based on 
the ionisation of residual gas by the beam.

S. Levasseur, 
J. Storey et al
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PS-BGI: beam splitting in Multi-Turn Extraction
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Measurements taken by OP-PS team with GUI 
based on BIPXL FESA class. 

Multi-Turn Extraction (MTE) = beam is split 
into several beamlets in the transverse planes.

Continuous measurement with BGI shows the 
evolution of the beamlets throughout the cycle.

Allows to measure the beam size, position & 
relative intensity of each beamlet. 

S. Levasseur, 
J. Storey et al
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C. Welsch, H. Zhang, 
et al

§ Aim: development of a non-invasive beam profile 
monitor for the hollow electron lens project.

§ Beam interacts with gas-curtain formed by 
supersonic jet passing through the beam pipe.

§ Prototypes developed at CI in collaboration with 
GSI and CERN.

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

HL-LHC Beam Gas Curtain profile monitor

Imaging 
system

Supersonic gas 
jet generation 
section

Interaction 
section

Jet 
diagnostics

Jet 
dumping

Prototype at CI
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HL-LHC Beam Gas Curtain profile monitor

24

C. Welsch, H. Zhang, 
et al

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

Beam induced fluorescence from a Supersonic gas curtain 
- e-/p+beam overlap monitor

BGC @ CI/UK

BGC @ HEL test 
stand in 2022

Integration studies of the BGC 
into the Hollow e-lens

Test of BGC @ LHC
during run 3

Please see Hao Zhang’s 
BGC talk & poster by 

Oliver Stringer
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HL-LHC Beam Gas Vertex Detector

25

H. Guerin & BGV team

Courtesy, R. Jones 

Prototype beam gas vertex detector 
demonstrated on online beam size 
measurements, with resolution down 
to 3µm in Run II. Two tracking layers.

Hélène Guerin’s studies of BGV:
Geant4 simulations of design for HL-LHC with three layers, with 
geometry build using pyg4ometry (RHUL / BDSIM), gas-jet target.

Radiation effects (courtesy of B. Kolbinger)

I Dose estimation via Geant4.

I Fluka simulations to determine dose and fluence on-going.

I Depends on:
I Beam-gas collision rate (gas pressure). Maximum rate ⇡ 109 collisions per second.
I Up-time.

I Deposited dose in a detector layer of 250 µm
Silicon, 46 cm away from source.

I 2 ⇥ 106 primary protons with 7 TeV, Hijing.

I Assume max. coll. rate for 6 month per year.

I Using bin with highest dose: 0.0988 Gy/s !
1.6 MGy/yr.

I With the demonstrator tank collision rate
(2.7 ⇥ 106): 4.2 kGy/yr.

9 / 13

Radiation dose

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022
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Progress on HL-LHC Beam Gas Vertex Detector

26

H. Guerin & BGV team

Simulated performance has no showstopper for a distributed gas target, although a gas-jet target would 
improve performance; results point towards a high resolution, compact tracker.

Tracking detector layers
event example of 1 beam-gas interaction
Hadronic model: dpmjet3

Exit window

Gas target 1m

Interaction point
(vertex)

seconary particles

- Decision for TimePix4 hybrid pixel detectors tracker (design 
and produced with Oxford: D. Hynds and R. Plackett).

- Tank design optimised to increase the tracker acceptance 
and reduce the tank impedance.

- Baseline is an upgraded distributed gas target; a gas-jet 
target option is being assessed for performance and 
implementation requirements.

- Possible locations for the Beam 1 instrument identified, 
estimating radiation induced downstream by BGV 
operation.

- Event reconstruction: work ongoing to unfold the beam 
profile from the distribution of reconstructed vertices.

• Design review in October 2022.

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022
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HL-LHC Synchrotron Radiation Monitor

27

D. Butti & CERN BI

Synchrotron radiation 
interferometer principle

source size ↔ interferogram visibility

Instrument refurbished and ready for LHC Run 3

Example of 2D interferogram

Fringe fit

Real-time monitoring of transverse size during two fills

First measurements from 
October 2021 beam test

Goal: provide an absolute and non invasive
transverse size measurement for HL-LHC

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022
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HL-LHC Synchrotron Radiation Monitor

28

D. Butti & CERN BI

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

B1

B2

Extraction mirrorUR D3R

RF section

ULD3L

mirror acceptance
Undulator radiation

D3 Core radiationEdge radiation

to P5from P3
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HL-LHC SR Halo Monitor

29

D. Butti & CERN BI

Coronagraph principle Achieve high-contrast imaging by 
suppressing diffraction background

“created” 
by aperture

refocused 
by field lens

scraped 
by Lyot stop

image w/o 
diffraction halo

Propagation of 
diffraction:

Simulations

Goal: measure the halo population of HL-LHC beams

Applicability of coronagraph to 
synchrotron radiation not trivial:
→ extensive simulations

contrast gain in diffraction background 
(horizontal direction only)

Test setup installed in LHC to 
benchmark simulations

Lyot stop

Detector

Telescope

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022
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Fast Beam Position Monitors

30Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022
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HL-LHC Interaction Region BPMs Doug Bett, Irene Degl’Innocenti, 
Phil Burrows et al

31Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

• Near the interaction region, both counter-propagating 
beams coexist within a single pipe.

• The position of each beam can be measured by use of 
stripline pick-ups that are highly directional, so the 
main signal from each beam can be distinguished at 
each port.

• In practice, the signal observed on each output port is
a combination of both beams, and the distortion must 
be accounted for to obtain accurate measurements.

Ø Requires fast digital processing
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HL-LHC Interaction Region BPMs Doug Bett, Irene Degl’Innocenti, 
Phil Burrows et al

32Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

• 24 new stripline BPMs will be installed at IR1/5.
• RFSoC device combines FPGA-style programable 

logic with a CPU and RF-ADCs will be used for direct 
digitisation.

Figure 3: Input beam current profile (top) and voltage in-
duced at the upstream end (solid) and the downstream end
(dashed and magnified x25).

9th Int. Beam Instrum. Conf. IBIC2020, Santos, Brazil JACoW Publishing
ISBN: 978-3-95450-222-6 ISSN: 2673-5350 doi:10.18429/JACoW-IBIC2020-WEPP12

Beam Position Monitors
WEPP12

121

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

r
th

e
te

rm
s

of
th

e
C

C
B

Y
3.

0
lic

en
ce

(©
20

20
).

A
ny

di
st

ri
bu

tio
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tr
ib

ut
io

n
to

th
e

au
th

or
(s

),
tit

le
of

th
e

w
or

k,
pu

bl
is

he
r,

an
d

D
O

I

SIGNAL PROCESSING ARCHITECTURE FOR THE HL-LHC
INTERACTION REGION BPMs

D. R. Bett⇤, University of Oxford, Oxford, UK
A. Boccardi, I. Degl’Innocenti, M. Krupa, CERN, Geneva, Switzerland

Abstract
In the HL-LHC era, the Interaction Regions around the

ATLAS and CMS experiments will be equipped with 24 new
Beam Position Monitors (BPM) measuring both counter-
propagating beams in a common vacuum chamber. Nu-
merical simulations proved that, despite using new high-
directivity stripline BPMs, the required measurement accu-
racy cannot be guaranteed without bunch-by-bunch disentan-
glement of the signals induced by both beams. This contri-
bution presents the proposed signal processing architecture,
based on direct digitisation of RF waveforms, which opti-
mises the necessary computing resources without a signifi-
cant reduction of the measurement accuracy. To minimise
the number of operations performed on a bunch-by-bunch
basis in the FPGA, some of the processing takes place in the
CPU using averaged data.

INTRODUCTION
The Large Hadron Collider (LHC) will undergo major

upgrades in the context of the High Luminosity LHC (HL-
LHC) project with the goal to deliver 3000 fb≠1 of integrated
luminosity over twelve years of operation from 2027 [1].
New Inner Triplets (IT) consisting of several high-gradient
focusing magnets around ATLAS and CMS experiments
will squeeze the proton beams to a 7.1 µm RMS beam size
at the collision point [2]. In order to reliably collide such
exceptionally small beams, each HL-LHC IT will feature six
Beam Position Monitors (BPM) of two di�erent types [3].
Since these BPMs will be installed in regions where both
proton beams circulate in a common vacuum chamber, they
must be able to clearly distinguish between the positions of
the two counter-propagating particle beams.

The longitudinal positions of the BPMs were optimised
to guarantee that the temporal separation between the two
beams at each BPM location will always be greater than
3.9 ns, which is approximately 3 times longer than the bunch
length. Nevertheless, using directional-coupler BPMs (also
known as stripline BPMs) is unavoidable to reduce the inter-
beam cross-talk. In such BPMs the passing beam couples to
four long stripline electrodes parallel to the beam axis. Each
electrode is connectorised on both ends but the beam couples
predominantly to the upstream port with only a relatively
small signal generated at the downstream port. This feature,
referred to as directivity, allows both beams to be measured
by a single array of electrodes. Figure 1 shows a 3D model
of one of the HL-LHC stripline BPMs. Most of the HL-LHC
IT BPMs incorporate four tungsten absorbers protecting the
superconducting magnets from the high-energy collision
⇤ douglas.bett@physics.ox.ac.uk

stripline
electrode

tungsten
absorber

cooling
capilary

Figure 1: Tungsten-shielded cryogenic directional coupler
BPM design for HL-LHC.

debris [4]. As the absorbers must be placed in the horizontal
and vertical plane, the BPM electrodes are installed at ±45°
and ±135° significantly increasing the measurement non-
linearity for large beam o�sets.

To cope with the very demanding requirements of precise
beam position measurements near the experiments, a new
state-of-the-art acquisition system for the HL-LHC IT BPMs
is under development. It will be based on nearly-direct digi-
tization by an RF System-on-Chip (RFSoC) [5]. This unique
family of integrated circuits combines a set of Analogue-to-
Digital Converters (ADC), Digital-to-Analogue Converters
(DAC), Programmable Logic (PL) and several embedded
CPUs, referred to as the Processing System (PS), on a single
die. Each of the 8 ports of each BPM will be connected to a
dedicated RFSoC 14 bit ADC channel sampling at 5 GSa s≠1.
The acquisition electronics and signal processing software
will use this raw data to compute the beam position applying
a correction algorithm to minimize the parasitic contribution
of the other beam as well as taking into account the BPM
rotation, non-linearity and scaling factors.

ACQUISITION ELECTRONICS
DESIGN CRITERIA

The final specification for the HL-LHC IT BPMs is not
yet available but some preliminary design criteria have been
set to guide the design of the future acquisition electronics.

The HL-LHC beam will consist of up to 2808 bunches
spaced by multiples of 25 ns with intensities spanning close
to two orders of magnitude from 5◊109 up to 2.2◊1011

charges. However, for most common operational scenar-
ios it is assumed that the intensity of bunches within the
same beam might vary by a factor of four, while the ratio of
bunch intensity between the two beams can reach a factor
of ten. HL-LHC bunches are not expected to be longer than
1.2 ns (4f) but for some special operational modes the BPM
system should be able to measure bunches as short as 0.5 ns.

10th Int. Beam Instrum. Conf. IBIC2021, Pohang, Rep. of Korea JACoW Publishing
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See IBIC 2020 & 2021 proceedings:
https://doi.org/10.18429/JACoW-IBIC2020-WEPP12
https://doi.org/10.18429/JACoW-IBIC2021-MOPP24

Mock-up at 
CERN, B180

https://doi.org/10.18429/JACoW-IBIC2020-WEPP12
https://doi.org/10.18429/JACoW-IBIC2021-MOPP24
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Challenge of rapid, intra-bunch diagnostics

33

A. Arteche,           
S. Gibson et al
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• Electro-Optic BPM principle:
• Monitor the polarisation of light in birefringent crystals 

in response to the electric-field of a passing bunch

P A 
Grin lens 

EO 
crystal 

P A 
Grin lens 

EO 
crystal 

bunch 

beam pipe 

from laser 
to detector 2 

from laser 
to detector 1 (a)!

• Transverse position along passing bunch is measured
• A fibre coupled laser source and photodetector read-out are housed 

away from the accelerator tunnel.
• As  polarised light passes through the crystal, the electric field of the 

bunch induces a change in polarisation state by the linear Pockels effect.

Ø replace capacitive pick-ups with fast electro-optic crystals
Ø replace electric cables by optical-fibre readout

Bandwidth of conventional diagnostics is typically limited to a few GHz 
by the pick-ups, hybrid, cables and acquisition system.
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High-bandwidth EO-BPM development for HL-LHC

34
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MiniaturisationSPS Prototype HL-LHC compatible 
waveguide design

© RHUL

(*)

• Bulky side boxes replaced by more 
compact fibre-optic design and finally 
became totally fibre-coupled for the 
waveguide design.

A. Arteche,           
S. Gibson et al
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New EO waveguide design shipped to CERN for beam tests

35

EO-BPMČerenkov BPM 

Optical inspection of 

waveguide in RHUL 

clean room

• EM simulations of pick-up performed in CST to optimise field strength at waveguide.

• Partnered with UK industry to produce waveguides suitable for our custom design:

Compact fibre-coupled 

waveguide pick-up

EO-BPM reception tested 

at CERN and laser-aligned 

with dielectric BPM on 

shared translation table

EO-BPM manufacture & VNA tests at RHUL

A. Arteche,           
S. Gibson et al
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EO-BPM installation in HiRadMat facility

36

logo
area

Experimental setup at HiRadMat

9

780nm Laser Source at BA7: Acquisition System at TT61:

§ x3 8-bit LeCroy scope

§ x3 DXM12CF + 1GHz-60dB FEMTO
HSA-Y-1-60

§ x1 RXM10CF + 3GHz Filter

§ x2 Alphalas UPD-30-VSG-P

§ New Focus LB6800 Tunable Laser.
§ Toptica amplifier
§ Etalon for wavelength stabilisation

A. Arteche + EO-BPM team - EO-BPM - HL-LHC October 2021

logo
area

Experimental setup at HiRadMat

9

780nm Laser Source at BA7: Acquisition System at TT61:

§ x3 8-bit LeCroy scope

§ x3 DXM12CF + 1GHz-60dB FEMTO
HSA-Y-1-60

§ x1 RXM10CF + 3GHz Filter

§ x2 Alphalas UPD-30-VSG-P

§ New Focus LB6800 Tunable Laser.
§ Toptica amplifier
§ Etalon for wavelength stabilisation

A. Arteche + EO-BPM team - EO-BPM - HL-LHC October 2021

Acquisition system:

EO-BPM at HiRadMat extraction line780nm laser source in BA7

A. Arteche,           
S. Gibson et al

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022
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EO-BPM installation in HiRadMat facility

37

A. Arteche,           
S. Gibson et al
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Successful first beam test at HiRadMat

38

§ Waveguide design enabled first single-shot measurements of 
each passing bunch.

§ EO-BPM also sensitive to low intensity bunches.

§ Laser scanning technique developed to automate operation of 
electro-optic interferometer.

§ Translation of EO-BPM across the HiRadMat extraction line:
first bunch by bunch position measurements:

§ Test campaign extended to 3 runs;  see invited talk at IBIC2022

A. Arteche,           
S. Gibson et al

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

anti-phase

in-phase

Beam position scan by moving EO-

BPM on stage

logo
area 12

In-Phase@1GHz

Anti-phase@3GHz

§ Single-shot measurement observations from the preamplified
detector in the order of 50 mV.

§ Bandwidth: from 210MHz to 1GHz and 3GHz (4!~1.5ns).
§ No resonances observed.
§ Dx+FEMTO saturates when reaches ~2V outcome.

Beam Measurements at HiRadMat

A. Arteche + EO-BPM team - EO-BPM - HL-LHC October 2021

in-phase

anti-phase

Typical single-shot signals
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July 2022 EO-BPM beam test at CLEAR:

39

§ EO-BPM installed in the CLEAR beamline to check 
sensitivity and time resolution to short electron bunches.

A. Arteche,           
S. Gibson et al

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

§ Initial measurements of a train of 5 
electron bunch pulses spaced by 
666ps (1.5GHz) were observable at 
the photodetector, where the pulse 
width was limited by the bandwidth of 
the photodetection system.

e-

§ With an upgraded detector, the pulse 
width indicates the time resolution of 
EO pick-up is well within the < 50 ps
specification required for the HL-LHC 
measurement of 1ns bunches.

single shot, single pulse

single shot, pulse train
Preliminary analysis:

666ps
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EO-BPM future HL-LHC demonstrator in SPS

40

§ HiRadMat EO-pick-up design incorporated into an 
in-vacuum design for the next phase of project.

§ Excellent recent progress on CERN engineering 
drawings and vacuum brazing.

§ EO-BPM demonstrator now being built for 
installation in SPS and operation in Run 3.

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022
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Coherent Čerenkov Diffraction Radiation

41

P. Karataev et al

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

§ A longitudinal bunch length monitor is under development by 
exploiting Čerenkov diffraction radiation, with tests performed at 
the CLARA facility.

§ The bunch length and profile has been measured and analysed, 
with cross-checks at CLEAR, including EO-based readout.

• Non-invasive 
diagnostic

• Relatively high 
intensity

• Highly directional
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Clara layout and experimental arrangement
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Parameters:

Repetition frequency ≈ 10 Hz
Bunch lengths ≈ 500 fs
Energy ≈ 35 MeV
Charge ≈ 50 pC
Transverse size ≈ 200 um

Vacuum chamber                                         Target assembly Martin – Puplett interferometer

K. Fedorov, P. Karataev

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

1 — Horizontal positioning
stage

2 — Teflon (VCR) target
3 — Tip-Tilt stage
4 — Vertical positioning

stage
5 — Concave mirror
6 — mirror
7 — Foil (TR) target
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Bunch length measurements and comparison with CLEAR

43

P. Karataev et al

K. Fedorov, P. Karataev, Y. Saveliev, T. Pacey, A. Oleinik, M. Kuimova, and A.Potylitsyn, Development of longitudinal beam profile monitor based 
on Coherent Transition Radiation effect for CLARA accelerator, Journal of instrumentation, JINST 15 C06008 (2020)

CLARA

CLEAR

Non-invasive beam instrumentation exploiting Coherent Cherenkov Diffraction Radiation 
• A. Curcio, M. Bergamaschi, R. Corsini, W. Farabolini, D. Gamba, L. Garolfi, R. Kieffer, T. Lefevre, S. Mazzoni, K. Fedorov, J. 

Gardelle, A. Gilardi, P. Karataev, K. Lekomtsev, T. Pacey, Y. Saveliev, A. Potylitsyn, and E. Senes,   Noninvasive bunch length 
measurements exploiting Cherenkov diffraction radiation, Phys. Rev. Accel. Beams 23 (2020) 022802. 

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022
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AWAKE – Čerenkov Diffraction Radiation
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• For e-BPM using dielectric inserts & 30GHz detection system

S. Mazzoni, T. Lefevre, C. Pakuza et al

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

BPM behaviour as simulated in CST 

For bunch length monitor measuring bunch 
frequency spectrum up to 1THz

See poster by Bethany Spear
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High precision BPMs and wakes 

45

• High resolution cavity BPMs at CLEAR
• 15 GHz demonstrator system for CLIC
• Single BPM measurements successful
• Decision for a 3-BPM test made, upgrades to a full 

system underway, measurement in Sept-Oct

• Waveguide BPMs
• Wide bandwidth
• Design work finished, now prototyping 

for beam tests
Single CBPM test with new electronics (left):
250 nm mover steps can be observed (right)

A. Lyapin

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

Monopole Mode Dipole Mode

Obtain signal using waveguides that 
only couple to dipole mode
for further Monopole Supression
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Recent ILC fast feedback publications

46

D. Bett, P. Burrows et al

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022
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Summary

47

• Intense hadron beams at future colliders call for novel, non-invasive beam instrumentation.
• Major UK effort in the development of multiple novel beam diagnostics for the HL-LHC era 

and beyond, including new techniques:
• Beam profile and emittance monitors:

– Gas based methods: ionisation, fluorescence, vertexing
– Optical methods: laserwires and synchrotron radiation

• Fast beam position monitors:
– Interaction region BPMs
– Electro-optic BPMs
– Cherenkov radiation monitors, cavity BPMs & fast feedback. Thank you! 

Stephen Gibson et al – Accelerator Diagnostics Overview – IoP PABG 26.7.2022

Diagnostics posters yesterday!
Virtual diagnostic for key beam descriptors  – K. Baker
Cherenkov BPMs for AWAKE – B. Spear
Gas-jet profile monitor for HL-LHC – O. Stringer
Blazed grating DMD-based diagnostics – C. Swain
Single-shot emittance measurements – J. Wolfenden


